INTRODUCTION
The natural frequencies and modes of vibration of a linearly elastic continuum are a function of the mass and stiffness of the body [1] . As many structural flaws, such as fatigue cracks, corrosion, and disbonds, will affect these attributes, vibrational analysis is a natural method by which to characterize such flaws. Finite element modeling techniques can be used to predict vibrational responses from various structure/defect combinations, so that test parameters can be selectively chosen for the requirements of the investigation. Critical areas can be isolated through the application of appropriate boundary conditions, and test frequencies chosen so as to excite desired eigen-modes.
Previous research has shown low frequency resonant modal analysis to be a promising technique for the characterization of fatigue cracks in thin metal plates [2, 3] . The technique provides the ability to quantify fatigue crack characteristics by monitoring the resonant frequency of free standing vibrational modes. Resonance frequencies have been tracked directly to fatigue crack lengths through finite element modeling of the geometry and boundary conditions involved. The present work extends the applicability of the technique by introducing a completely non-contact vibration source. The use of this source allows for rapid scan capabilities, eliminating any direct contact to the test specimen in the interior of the scan area. An investigation is also conducted on the sensitivity of the technique for varying vibrational areas. lated with the non-contact source. A finite element model is used to correlate resonance frequency information with fatigue crack lengths, and results are compared with experimental values. Two separate vibrational areas are considered, with the benefits and drawbacks of each over the other discussed. A brief discussion of acoustic emissions due to fatigue crack face interactions under vibration is also included, and experimental crack emission signals from the present experiment are presented.
EXPER~ENTALPROCEDURE
Haw characterization through modal analysis requires that a time dependent forcing function be applied to the structure under test. Characteristics of the structure can then be determined by monitoring its response to the applied force. Previous results depended upon the application of permanent magnets to the sample surface in order to excite the eigen-modes of the sample [2, 3] . This was a major drawback of the technique, eliminating the possibility of rapid scan application. Careful monitoring was also necessary in order to eliminate possible misalignment between the permanent and electromagnet poles, between which the force on the sample was developed.
The introduction of the new forcing device eliminates the drawbacks discussed above. The new design removes the permanent magnets from the sample surface, making use of a normal Lorentz force in order to induce resonant vibration [4] . Access to only one side of the structure is required, and no couplant need be applied to the surface. A detailed explanation of the operational principle is given elsewhere [4] , so that only the configuration of the device in the experimental setup shall be presented here. Figure I shows a schematic representation of the experimental configuration. Aluminum 2024 samples of lmm thickness are clamped in the sample holder, leaving the front edge free. This arrangement was found to be effective at sizing fatigue cracks emanating from the front edge, the area of investigation for this experiment. The design is very similar to that presented in [2] , with the new driving mechanism replacing permanent and electromagnet pairs of the previous work. The clamped boundaries were manufactured so as to allow for an adjustable scan area, so that the scan area effect on the sensitivity of the technique could be observed. The present work compares results at two seperate vibrational areas, 25 x 4.5 cm 2 and 12.7 x 4.5 cm 2 .
Non-Contact Driver Adjustable Area Clamps A12024-T3 PVDF Film The first step of the experimental procedure was to construct a finite element model of the structure to be examined. A vibrational analysis of the discretized system was performed in order to locate eigen-modes with a high frequency dependence on the structural integrity of the sample. The frequency of the driving force is then swept over the range as determined from the modeling. Vibrational amplitudes at each frequency step are monitored with a microphone (noncontacting) or a polyvinylidene fluoride, PVDF, (contacting) transducer in order to determine the frequency response of the sample. Figure 2 displays the frequency response of an unfatigued sample along with those of samples containing fatigue cracks of 1.3 and 2.4 cm lengths respectively. The data was acquired at the larger scan area using the non-contact driving mechanism discussed above to induce resonant vibration and a PVDF transducer to monitor the amplitude of the vibrations at each step of the driving frequency. The peak in each curve corresponds to the frequency of the second resonance mode for that sample. It is clear from the figure that the introduction of a fatigue crack lowers the resonance frequency of the sample. This is expected as a fatigue crack will lower the stiffness of a structure. The relationship between stiffness and resonant frequency, neglecting damping and considering sinusoidal vibration, can be determined from where [K] is the stiffness matrix, 1M] the mass matrix, {U} the displacement field and c.o the circular frequency [1] . If the stiffness of the structure is reduced while the mass remains constant, as is the case for fatigue crack growth, the frequency of the eigen-mode must be reduced. 
MODAL ANALYSIS RESULTS
Crack Length (cm) Finite element modeling of the experimental set-up produced the frequency versus crack length curve depicted in figure 3 . Plotted on the same graph are experimentally determined resonance frequencies, determined by fitting the frequency response data as seen in figure 2 to a Lorentzian distribution. The experimental results are seen to be in very close agreement with the simulated data, signifying the ability to invert resonance frequency information to fatigue crack lengths.
In order to increase the sensitivity of the technique to smaller flaws, the vibrational area of the experimental setup was reduced to 12.7 x 4.5 cm 2 . Figure 4 displays the frequency response for the unfatigued sample at this smaller scan area. The amplitude of the plate vibrations in this case were monitored using a audible sound level meter directed toward the central region of the plate. Each peak in the figure corresponds to a different natural frequency of vibration of the sample. The first peak indicates the frequency of the n=l, m=1!2 eigen-mode, where the n index determines the number of half wavelengths between the two clamped sides of the sample and the m index determines the number of half wavelengths between the front and back edge of the sample (see Fig. 1 ). As the front edge is not clamped the lowest order modes do not complete a whole number of half wavelengths between front and back edges. The second peak in the figure is that of the n=2, m=l/2 mode (the eigen-mode observed at the larger scan area), and the third peak the n=3, m=l/2 mode. The fourth peak corresponds to that of the n=l, m=l eigen-mode, were the main wave crest is now perpendicular to the direction of fatigue crack growth. The work here focused on monitoring the frequency of the second (2,1/2) mode as a function of fatigue crack length, although a multi-mode approach to the characterization of fatigue damage has also been studied [4] .
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Experimental and simulation results for the smaller scan area are shown in figure 5 . The results are seen to be similar to those displayed in figure 3 for the larger scan area. Two qualitative differences in the figures are noted. The first obvious difference is that the magnitude of the rate of change of the frequency as a function of crack length (slope of curve) is much greater for the smaller scan area. The simulated data in figure 3 is seen to cover a frequency range of approximately 220 Hertz, whereas the data in figure 5 covers a range of almost 600 Hertz for the same fatigue crack lengths. This vast improvement in the sensitivity of the technique is somewhat countered by the second observation; the scatter of the experimental data about the finite element predictions is larger for the smaller scan area. As the size of the vibrational area is reduced changes to a localized area of the system have a greater affect. Small changes in the stiffness of the system caused by fatigue crack growth therefore produce a larger shift in the frequency of the standing eigen-modes. The resonance frequencies, however, also become more highly dependent upon the clamping strength of the boundary conditions. A larger scatter in the experimental data is therefore encountered due to small changes in the boundary conditions between runs. It has recently been found that this boundary condition induced error can be minimized through a multimode approach to data acquisition and reduction, as is explained in [4] .
CRACK EMISSION RESULTS
As well as monitoring the resonance frequency of a structure as a means of characterizing fatigue damage, acoustic emission sensors can be used to listen for the interaction of 1200 .... ..--,...---,....--,.---,...---,....--.,....--.,....--,....--. .,....----, fatigue crack face walls during vibration. It has been shown that the second resonance mode of the sample is accompanied by a shearing force across the midline of the plate [2] [3] . If a fatigue crack is located in this region the shearing force will work to separate the fatigue crack walls. As the structure vibrates the shearing force will alternately push the opposite sides of the plate in opposite directions, causing the fatigue crack walls to be cyclically separated, pushed together and then separated in the opposite direction. Although a clear separation of the fatigue crack face walls is unlikely except for heavily damaged samples, any relative motion between the two faces could produce interactions such as crack face rubbing. It is natural then to listen for and classify acoustic emissions associated with such interactions as a means of characterizing fatigue damage.
Fatigue crack emissions due to crack face interactions were monitored using a PVDF thin film transducer attached directly to the surface of the samples. The waveform of the transducer at the resonance frequency of the second plate mode was examined in an attempt to isolate these acoustic emissions. Previous work employing a vibration mechanism which entailed permanent magnet attachment to the sample surface has isolated crack emission signals from fatigue cracks of lengths similar to those studied here [2] . In the present work, however, it was difficult to isolate the signals except for heavily damaged samples. Apparently the extra mass of the permanent magnets enhanced the shearing force along the fatigue crack faces so that emissions from smaller cracks could be recorded. As mentioned previously, however, the need to attach permanent magnets to the sample surface is accompanied by major drawbacks. isolate crack emission signals from less fatigued samples under the current experimental conditions. Future work will be aimed at trying to relocate these crack emission signals through the use of more sensitive detection devices and through force field modeling of the vibration device in order to induce a greater amount of motion at the site of expected fatigue damage.
SUMMARY
A non-contacting vibration source has been introduced as a method of extending the applicability of resonant modal analysis for the characterization of fatigue cracks in thin metal plates. The new source is a major step toward furthering the experimental design to a practical non-destructive evaluation technique. Test results have been presented for the detection of fatigue cracks in Imm thick aluminum alloy samples. The non-contact source was found to perform as well as previous methods of eigen-mode excitation for the characterization of fatigue cracks by resonant modal analysis while eliminating any direct contact to the sample surface in the interior of the test area A study was initiated on the effect of the vibrational area on the sensitivity of the flaw detection technique. It was found that a reduction in the vibration area of the device is accompanied by a large increase in its predicted sensitivity, although an increase in the scatter of the experimental results about finite element predictions is also encountered. The cause of the increased error has been traced to boundary condition variations. This boundary condition dependence, however, can be reduced by a multi-mode approach to data acquisition and reduction [4] . A study is currently under way to determine the optimum test configuration for the technique, and to incorporate these findings into a portable hand held instrument operating on the principles described above.
